Replication and segregation of the genetic information are two of the most fundamental events in cell reproduction. Following replication, chromosomal DNA undergoes three major structural transitions. First, the linkage of duplicated DNA molecules, termed sister chromatid cohesion, is established during or soon after S phase and is maintained throughout G 2 phase of the cell cycle. Second, at the onset of mitosis, the DNA molecules start to condense, producing metaphase chromosomes consisting of paired sister chromatids. Sister chromatid cohesion at this stage is required for proper chromosome movements known as congression. Third, the linkage between the sister chromatids is dissolved highly synchronously at the metaphase-anaphase transition, allowing the two chromatids to segregate to opposite poles of the mitotic spindle. All of these steps are essential for faithful transmission of chromosomes and thereby must be regulated precisely. Despite recent progress in our understanding of the biochemical basis of cell cycle regulation, surprisingly little is known about the molecular mechanisms underlying the dynamic reorganization of chromosome architecture. Particularly, we have very limited information about structural protein components directly involved in these processes (for review, see Miyazaki and Orr-Weaver 1994; Yanagida 1995; Koshland and Strunnikov 1996) .
The identification of the SMC (structural maintenance of chromosomes) family of ATPases has provided an important molecular clue to our understanding of higherorder chromosome dynamics (Hirano et al. 1995; Saitoh et al. 1995) . SMC proteins are highly conserved from bacteria to humans. The completion of the yeast genome sequencing project has allowed reclassification of eukaryotic SMC proteins, which are now grouped into four types (SMC1-SMC4; Koshland and Strunnikov 1996) . Among them, the functions of the SMC2-and SMC4-type proteins are best understood through biochemical and genetic analyses in multiple model organisms. In Xenopus laevis, XCAP-C (SMC4 type) and XCAP-E (SMC2 type) function as the core subunits of condensins, protein complexes that play a central role in mitotic chromosome condensation in vitro (Hirano and Mitchison 1994; Hirano et al. 1997; Kimura and Hirano 1997) . In Saccharomyces cerevisiae, an smc2 mutant shows a defect in chromosome condensation as well as in chromosome segregation in mitosis (Strunnikov et al. 1995) . In Schizosaccharomyces pombe, Cut3p (SMC4 type) and Cut14p (SMC2 type) are both essential for condensation and copurify in a complex (Saka et al. 1994; Sutani and Yanagida 1997) . All of these results are consistent with the idea that the SMC2-and SMC4-type proteins are important components of the chromosome condensation machinery (condensins).
Previous genetic studies in S. cerevisiae showed that Smc1p is required for proper segregation of chromosomes (Strunnikov et al. 1993 ), but apparently not for condensation (Strunnikov et al. 1995) . More recently, Smc1p and Smc3p were also identified in a genetic screen for mutants that show precocious separation of sister chromatids during mitosis (Michaelis et al. 1997 ). The same screen identified a third gene product, Scc1p/ Mcd1p, that is homologous to the fission yeast Rad21p implicated in DNA repair (Birkenbihl and Subramani 1992 ). An independent study in yeast found physical and genetic interactions between Smc1p and Scc1p/Mcd1p (Guacci et al. 1997) . On the basis of these observations, it has been proposed that Smc1p and Smc3p, along with Scc1p/Mcd1p, might be directly involved in sister chromatid cohesion (Michaelis et al. 1997) . Despite all of the genetic data available in yeast, a functional and biochemical characterization of these proteins in vertebrate cells is lacking.
In this report, we have used Xenopus egg cell-free extracts to get insights into the biochemical basis for sister chromatid cohesion. We found that the Xenopus SMC1-and SMC3-type proteins associate with each other, forming large protein complexes (termed cohesins) with sedimentation coefficients of 9S and 14S. 14S cohesin contains additional subunits, one of which is structurally homologous to the yeast Scc1p/Mcd1p/Rad21p. 14S cohesin localizes to interphase chromatin, but, surprisingly, most of the complexes dissociate from the chromosomes at the onset of mitosis. Immunodepletion of cohesins during interphase results in cohesion defects that become apparent upon entry into mitosis. The current results, taken together with our previous results, provide a simple biochemical picture in which the two distinct classes of SMC protein complexes, cohesins and condensins, regulate sister chromatid cohesion and chromosome condensation, respectively, contributing to faithful segregation of chromosomes in eukaryotic cells.
Results

Molecular cloning of XSMC1 and XSMC3
To amplify Xenopus cDNA sequences encoding SMC1-and SMC3-type proteins, we designed PCR primers on the basis of homologous sequences isolated from S. cerevisiae (Strunnikov et al 1993; Michaelis et al. 1997) , Aspergillus nidulans (Holt and May 1996) , Drosophila melanogaster (Hong and Ganetzky 1996) , and human (Rocques et al. 1995) . By use of the amplified fragments as hybridization probes, two groups of overlapping cDNAs were cloned from a Xenopus cDNA library. As expected, we found that the amino acid sequences encoded by the two groups of cDNAs corresponded to the SMC1-and SMC3-type proteins, and were not identical to either XCAP-C (SMC4 type) or XCAP-E (SMC2 type; Fig. 1A ). We named these new polypeptides XSMC1 and XSMC3 (for Xenopus SMCs). Thus, Xenopus laevis has at least four members of the SMC family, each of which has an ortholog in S. cerevisiae (Fig. 1B) .
Identification of protein complexes containing XSMC1 and XSMC3
To characterize XSMC1 and XSMC3 biochemically, we raised antibodies against synthetic peptides corresponding to their carboxy-terminal sequences. These antibodies were very specific to XSMC1 and XSMC3 as judged by immunoblotting against total egg extracts ( Fig. 2A ). XSMC1 and XSMC3 coimmunoprecipitated with both antibodies, suggesting that the two polypeptides associated with each other in the extracts. The specificity of the immunoprecipitations was demonstrated by competition with the antigen peptides (Fig. 2B) . Sucrose gradient fractionation of a total extract showed that XSMC1 and XSMC3 exist in two major forms with sedimentation coefficients of 9S and 14S (Fig. 2D) . A minor peak of 4S-5S containing XSMC3 only was also detected. Next, the complexes were affinity-purified with an anti-XSMC3 peptide antibody and subjected to sucrose gradi- ent centrifugation. We found that three other polypeptides cofractionated with XSMC1 and XSMC3 in the 14S complex. These three polypeptides (tentatively named p155, p120, and p95 according to their apparent molecular weights; Fig. 2E ) also copurified with XSMC1 and XSMC3 on both cation-and anion-exchange column chromatography (data not shown). Immunoblot experiments identified p120 as a Xenopus homolog of the fission yeast Rad21p implicated in DNA repair (Birkenbihl and Subramani 1992) and of the budding yeast Scc1p/ Mcd1p implicated in sister chromatid cohesion (Guacci et al. 1997; Michaelis et al. 1997) . In this report, we refer to this protein as XRAD21 (for Xenopus RAD21; Fig.  2A ,B,D). XRAD21 was immunoprecipitated from the extracts with both anti-XSMC1 and anti-XSMC3 (Fig. 2B) and, conversely, anti-XRAD21 immunoprecipitated XSMC1 and XSMC3 (data not shown), confirming their specific association. XRAD21 was exclusively found in the 14S form and no free population was detected in the extracts (Fig. 2D) . Taking into account recent genetic studies in yeast (Birkenbihl and Subramani 1992; Guacci et al. 1997; Michaelis et al. 1997 ) and our biochemical studies in the Xenopus egg cell-free system (see below), we refer to the largest form of the complexes containing XSMC1 and XSMC3 as 14S cohesin and to the second largest as 9S cohesin. We also found that cytostatic factor (CSF)-arrested (metaphase II-arrested) and interphase extracts contain similar levels of cohesin subunits and a similar ratio of the 9S form to the 14S form (data not shown).
It is striking to note that the condensin complexes also extract. An interphase high-speed supernatant was fractionated in a 5%-20% sucrose gradient, and fractions were analyzed by immunoblotting with anti-XSMC1, anti-XSMC3, and anti-XRAD21 antibodies. The two major peaks of 9S and 14S are indicated. A minor population of free XSMC3 is indicated by the asterisk. (E) Sucrose gradient centrifugation of an affinity-purified fraction. The cohesin complexes were affinity purified with anti-XSMC3 antibody and fractionated in a 5%-20% sucrose gradient. Fractions were TCA-precipitated, separated by SDS-PAGE, and stained with silver. Asterisks indicate positions of the bands corresponding to p155, p120, and p95 that cofractionate with XSMC1 and XSMC3 in the 14S peak.
exist in two major forms in Xenopus egg extracts: 8S condensin is a heterodimer of XCAP-C and XCAP-E, whereas 13S condensin contains three additional non-SMC subunits, XCAP-D2, XCAP-G, and XCAP-H . None of the condensin subunits were detectable in the XSMC immunoprecipitates and, conversely, XSMC1, XSMC3, and XRAD21 were not associated with condensins (Fig. 2C) . Thus, Xenopus egg extracts contain two distinct classes of SMC protein complexes and they share no common subunit.
Cell cycle-dependent chromosomal association and dissociation of cohesins
A cell-free system derived from Xenopus egg extracts is capable of reproducing cell cycle-specific chromosomal events in vitro, including DNA replication and chromosome condensation (Lohka and Masui 1983; Blow and Laskey 1986; Newport and Spann 1987) . When sperm chromatin is incubated with an interphase extract, the nuclear envelope assembles around the chromatin in which DNA replication initiates. After completion of replication, the reaction mixture can be triggered to enter mitosis by addition of a CSF-arrested extract (or a nondegradable form of cyclin B) and the duplicated chromatin is converted into metaphase chromosomes with paired sister chromatids (Shamu and Murray 1992) . We set up this in vitro reaction and took aliquots of the mixture at time intervals. Proteins bound to chromatin were isolated at each time point and analyzed by immunoblotting. Increasing amounts of XSMC1, XSMC3, and XRAD21 associated with chromatin as incubation proceeded, but most of these proteins (>95% as judged by quantitative immunoblotting) dissociated gradually upon mitotic activation (Fig. 3A , top). Chromosomal association and dissociation of the three polypeptides occurred with the same kinetics, providing additional evidence that they act as subunits of the same protein complex (14S cohesin). We could not test whether 9S cohesin also binds to chromatin as no polypeptide specific to this form has been identified. The behavior of 14S cohesin contrasted sharply with that of 13S condensin, which was undetectable in interphase chromatin but was associated specifically with mitotic chromosomes (Fig. 3A , middle). In contrast, chromosomal association of topoisomerase II␣ was not cell cycle dependent (Fig. 3A , bottom). Consistent with these in vitro results, immunolocalization experiments with Xenopus tissue culture cells showed that XSMC3 was localized in the nucleus during interphase, but dissociated from chromosomes in mitosis (Fig. 3B ). Upon nuclear envelope breakdown, XSMC3 started to diffuse throughout the cytoplasm, and it reentered the nucleus in telophase. Little, if any, staining was observed on condensed chromosomes under two different fixation conditions tested (see Materials and Methods). Similar results were obtained with anti-XSMC1. It is formally possible that a minor population of cohesins remains on condensed chromosomes and is enriched in a specific chromosomal region, for example, in centromeres. However, we have failed to detect such an enrichment on chromosomes either isolated from tissue culture cells or assembled in vitro (data not shown).
Chromatin association of 14S cohesin is not dependent on DNA replication
In several ways we tested whether the association of 14S cohesin with chromatin is dependent on DNA replication. Assembly of the nuclear envelope around sperm chromatin is a prerequisite for initiation of DNA replication in the Xenopus cell-free system (Sheehan et al. 1988) . Removal of membrane vesicles from extracts by centrifugation prevents nuclear envelope formation, thereby impeding DNA replication. We found that this treatment had little effect on the kinetics of chromatin binding of 14S cohesin (data not shown). DNA replication in interphase extracts containing membrane vesicles starts ∼30 min after addition of sperm chromatin and is completed 1 hr later. The synthesis of DNA can be blocked by aphidicolin, a specific inhibitor of DNA polymerase ␣ (Fig. 4C) . We monitored the behavior of cohesin subunits as well as two replication factors, XMCM3 and XORC1, in the presence or absence of this drug (Fig. 4A) . In both cases, XORC1 bound to chromatin within 1 min upon incubation of sperm nuclei with the extracts. Binding of XMCM3 occurred at 10-20 min, and was followed by binding of cohesin subunits at 20-30 min. No difference was apparent in the binding of cohesins to the replicating or nonreplicating chromatin. As reported previously, XMCM3 partially dissociated from chromatin as DNA replication proceeded in the extract without aphidicolin (Kubota et al. 1995) . However, such a replication-dependent dissociation was not observed in any of the subunits of 14S cohesin. Because XORC provides the assembly site for other DNA replication factors including XMCM3 (Coleman et al. 1996; Romanowski et al. 1996; , we tested whether the association of cohesins with chromatin might be dependent on XORC. To this end, XORC was immunodepleted from an extract by use of anti-XORC1 antibodies (Fig. 4B, lane 2) . We found that the cohesin subunits were still able to bind to chromatin in the XORC-depleted, replication-defective extract (Fig.  4B , lane 4, and C). These results suggest that the association of 14S cohesin with chromatin is not dependent on ongoing DNA replication in this cell-free system.
Normal nuclear envelope assembly and DNA replication in the absence of cohesins
We tested a requirement for cohesins in interphase nuclear functions in vitro. Both 9S and 14S cohesins were immunodepleted from extracts with a combination of anti-XSMC1 and anti-XSMC3 antibodies (Fig. 5A ). Quantitative immunoblotting indicated that depletion efficiency was >95%. In interphase extracts, nuclear assembly occurred normally in the absence of cohesins as judged by chromatin morphology and lamin staining (Fig. 5B) . DNA replication in the assembled nuclei was assayed by measuring the incorporation of radiolabeled nucleotides into chromosomal DNA. We found very little difference in the kinetics and extent of DNA replication in nuclei assembled in the cohesin-depleted and control extracts (Fig. 5C ). As a second assay for DNA replication, biotinylated nucleotides were used to visualize replicated DNA by fluorescent microscopy. Again, nuclei prepared from both cohesin-depleted and control extracts were uniformly labeled with biotinylated nucleotides (data not shown), suggesting that cohesins are not required for DNA replication in this system.
Cohesin depletion during interphase causes defects in sister chromatid cohesion in subsequent mitosis
Although our results suggest that cohesins are not major structural components of mitotic chromosomes, it is possible that they contribute indirectly to mitotic chromosome assembly. To test this possibility, we used two types of in vitro assays. In the first assay, sperm chromatin was directly incubated in CSF-arrested extracts in which it was converted into mitotic chromosome-like structures consisting of single chromatids (single chromatid assembly assay; Hirano and Mitchison 1993) . In this assay, no significant difference was detected in the morphology of chromosomes assembled in the presence or absence of cohesins (Fig. 6A) . Second, nuclei were assembled in interphase extracts to allow DNA replication and then driven into mitosis by addition of CSF-arrested extracts (double chromatid assembly assay; Shamu and Murray 1992) . The experiment was designed so that cohesins were present (control) or absent (cohesin depleted) throughout the two-step reactions. In the control extracts, duplicated chromatin was converted into metaphase chromosomes with sister chromatids that were tightly paired along their entire length (Fig. 6B, top) .
However, the pairing of sister chromatids formed in the cohesin-depleted extracts was largely impaired (Fig. 6B,  bottom) . For quantitative analysis, metaphase chromosome morphology was categorized as paired or unpaired. For chromosomes exhibiting unpaired morphology, pairing defects were further classified into three categories: bubble, unpaired end, and break, examples of which are shown in Figure 6C . More than 600 chromosomes from four independent experiments were counted and analyzed. The proportion of chromosomes with unpaired morphology was ∼40% in the depleted extracts, but they were rarely found in the control extracts (<4%). Although ∼60% of chromosomes in the depleted extracts were classified into the paired group, we found that the pairing of sister chromatids in these chromosomes was loose. The average distance between sister chromatids was significantly larger for chromosomes assembled in the cohesin-depleted extracts (0.79 ± 0.30 µm) compared with those assembled in the control extracts (0.51 ± 0.16 µm; Fig. 6D ). The same level of cohesion defects was observed when interphase nuclei were first assembled in the absence of cohesins and then driven into mitosis by addition of a CSF-arrested extract containing cohesins (data not shown). These results suggest that cohesins' function during interphase is essential for proper cohesion of sister chromatids in subsequent mitosis. Because no apparent difference was detected in the length/width of chromatids assembled in the depleted or control extracts, we conclude that cohesins do not play a major role in condensation.
Independent behavior of 14S cohesin and 13S condensin
Even in the absence of cohesins, 13S condensin seems to bind to chromosomes and to promote normal chromosome condensation. Immunoblotting analysis of isolated chromatin fractions confirmed that this was the case: 13S condensin did not bind to interphase chromatin, but did bind to mitotic chromosomes upon mitotic activation in both cohesin-depleted and control extracts (Fig. 7,  lanes 1,2,5,6 ). Conversely, when a mitotic extract was driven into interphase, 13S condensin prebound to mitotic chromosomes dissociated from them in the presence or absence of cohesins (Fig. 7, lane 3,4,7,8) . We performed the same set of experiments using condensindepleted extracts, and found that interphase-specific association of 14S cohesin with chromatin, as well as its dissociation on activation of mitosis, can be recapitulated in vitro in the absence of condensins in the extracts (Fig. 7, lanes 9-12) . We conclude that chromosomal association and dissociation of 14S cohesin and 13S condensin can occur independently of each other in this cellfree system.
Discussion
Cohesins, a second class of SMC protein complexes in Xenopus
Our previous studies identified the founding class of 2,4) . The extracts were analyzed by immunoblotting with antibodies against the cohesin subunits (XSMC1, XSMC3, and XRAD21) or the condensin subunits (XCAP-C, XCAP-D2, XCAP-E, XCAP-G, and XCAP-H). The CSF-arrested extracts were used in the chromosome assembly assays described in Fig. 6. (B) Nuclear assembly in the absence of cohesins. Sperm chromatin was incubated in the cohesindepleted (⌬cohesin) or control extracts at 22°C for 2 hr, fixed, and stained with DAPI (DNA) or antilamin L III antibody (lamin). Bar, 10 µm. (C) DNA replication in the absence of cohesins. DNA replication in the cohesin-depleted (ࡗ) or control (ᮀ) extracts was assayed as in Fig. 4C . Incorporation of [␣-32 P]dCTP was measured after a 2 hr-incubation of the sperm chromatin with the corresponding extract. DNA replication in an aphidicolin-treated extract (᭡) is also shown as a control.
SMC protein complexes, condensins, that contain the SMC2-and SMC4-type subunits (Hirano and Mitchison 1994; Hirano et al. 1997 ). The present study reports the biochemical identification and functional characterization of a second class of Xenopus SMC protein complexes, termed cohesins. Xenopus egg extracts contain two major forms of cohesins (9S and 14S), which share the SMC1-and SMC3-type polypeptides as their core subunits. The 14S form contains three additional subunits, one of which is a homolog of S. cerevisiae Scc1p/ Mcd1p implicated in sister chromatid cohesion (Guacci et al. 1997; Michaelis et al. 1997 ) and S. pombe Rad21p implicated in DNA repair (Birkenbihl and Subramani 1992) . Although the identity of the p155 and p95 subunits of 14S cohesin is currently unknown, they are immunologically distinct from the condensin subunits, suggesting that cohesins and condensins share no common subunit. Nevertheless, it should be noted that the two classes of SMC protein complexes share striking similarities in their structural organization: (1) Each class contains a heterodimer of SMC proteins that serve as core subunits; (2) each class exists in two major forms (lanes 1,5,9 ), or with interphase extract followed by addition of a half volume of CSF-arrested extract to enter mitosis (lanes 2,6,10) . Alternatively, sperm nuclei were incubated with CSF-arrested extracts (lanes 3,7,11), or with CSF-arrested extracts followed by addition of 0.4 mM CaCl 2 , which promotes exit from mitosis and entry into interphase (lanes 4,8,12) . Chromatin fractions were isolated and analyzed by immunoblotting. Lanes 1-4, control; lanes 5-8, cohesin depletion; lanes 9-12, condensin depletion; lane 13, a control without sperm.
with different sedimentation coefficients; and (3) the larger form of each class contains three (or more) additional subunits .
Previous genetic studies in yeast suggested that distinct SMC proteins might have nonoverlapping functions. For example, in budding yeast, although both smc1 and smc2 mutants showed defects in proper segregation of chromosomes, a condensation defect was detectable only in smc2, but not in smc1 mutants (Strunnikov et al. 1993 (Strunnikov et al. , 1995 . Moreover, a recent genetic screen for mutants exhibiting precocious sister chromatid separation identified smc1 and smc3, but not smc2 or smc4 (Michaelis et al. 1997) . Our current study, taken together with the previous studies, reveals a clear biochemical picture of the division of labors among the different SMC proteins, providing a simple explanation for the genetic observations in yeast: XCAP-C/Smc4p and XCAP-E/Smc2p function together as the core subunits of condensins (Hirano and Mitchison 1994; Hirano et al. 1997; Sutani and Yanagida 1997) , whereas XSMC1/ Smc1p and XSMC3/Smc3p constitute the core subunits of cohesins. Our identification of XRAD21, a Xenopus homolog of yeast Scc1p/Mcd1p, as an intrinsic subunit of 14S cohesin also complements the genetic studies in yeast (Guacci et al. 1997; Michaelis et al. 1997) . In yeast cells, it remains to be determined whether the three gene products (Smc1p, Smc3p, and Scc1p/Mcd1p) identified genetically also form a large complex equivalent to Xenopus 14S cohesin. So far, only a physical interaction between Smc1p and Mcd1p has been demonstrated in coimmunoprecipitation experiments (Guacci et al. 1997) . Although stoichiometric association of SMC1-and SMC3-type proteins has also been found in recombination complex-1 (RC-1) purified from calf thymus, this complex is distinct from 14S cohesin as judged from its size and the identity of the associated polypeptides (Jessberger et al. 1996; R. Jessberger, pers. comm.) .
Are cohesins involved in interphase-specific cohesion?
The association of 14S cohesin with chromatin is regulated tightly during the cell cycle. Cohesin subunits bind to interphase chromatin in vitro (the density of XSMC1 in isolated chromatin is estimated to be one molecule per ∼20 kb of DNA by quantitative immunoblotting), and, on mitotic activation, >95% of the subunits dissociate from the chromatin. This behavior of cohesins, which was also observed in vivo by immunofluorescent staining of tissue culture cells, stands in striking contrast to the mitosis-specific chromosomal binding of condensins (Hirano and Mitchison 1994; Hirano et al. 1997) . Interphase nuclei assembled in extracts depleted of cohesins are apparently normal, at least as judged by nuclear lamina assembly and DNA replication. When these nuclei enter mitosis, however, the resulting sister chromatids fail to remain tightly associated with each other. The cohesion defect cannot be rescued when cohesins are supplemented on mitotic activation. From these data, it is reasonable to conclude that cohesins must bind to chromatin during interphase to execute their main function, probably constituting (or being part of) the cohesion machinery that holds sister chromatids together after DNA replication. We speculate that the cohesin-mediated sister chromatid cohesion during interphase has at least two functions. First, it is a prerequisite for proper assembly of mitotic chromosomes in subsequent mitosis: A loss of the linkage between sister DNA molecules during or after DNA replication would cause premature separation of interphase chromatids, leading to abnormal assembly of mitotic chromosomes with cohesion defects. Second, it would be important for other interphase nuclear functions such as recombinational DNA repair. Mutations in the S. pombe rad21 gene result in an increased sensitivity to ␥-irradiation (Birkenbihl and Subramani 1992) . In this regard, it is interesting to note that double-stranded DNA breaks are among the major chromosomal defects we observed in chromosomes assembled in cohesin-depleted extracts.
It is unclear how the cohesin-mediated sister chromatid linkage is established and maintained. Whereas chromatin association of 14S cohesin occurs in parallel with DNA replication in vitro, the two events are not functionally coupled: Blocking DNA replication by three different methods (membrane depletion, aphidicolin treatment, and XORC depletion) did not affect binding of cohesin subunits to chromatin. One possible explanation is that sister chromatid cohesion is established via a twostep mechanism: First, 14S cohesin binds to chromatin and then recruits additional cohesion factors in a DNA replication-dependent manner. Candidates for such factors include Scc2p (Michaelis et al. 1997 ), Trf4p (Castañ o et al. 1996 , and BimDp (Holt and May 1996) , because these proteins have been shown to interact with some of the cohesin subunits, either genetically or physically.
In yeast, the abundance of Scc1p/Mcd1p fluctuates, being highest in S phase and reduced to a lower level by G 2 /M (Guacci et al. 1997) , whereas the level of Smc1p (and perhaps Smc3p) is constant throughout the cell cycle (Strunnikov et al. 1993) . Assuming that the level of Scc1p/Mcd1p reflects the level of functional cohesin complexes on chromatin, this result is consistent with their requirement during interphase. In the Xenopus system, CSF-arrested (arrested in metaphase II) and interphase extracts contain the same level of cohesin subunits and the same proportion of the two complex forms (9S and 14S). The cell cycle-dependent association of cohesins with chromatin might then involve post-translational modifications of some of the subunits or, alternatively, changes in the availability of their chromosomal target sites. Whereas condensin function appears to be regulated by mitosis-specific phosphorylation , no cell cycle-specific phosphorylation has been observed for the cohesin subunits (A. Losada, unpubl.) .
Differences between the yeast and Xenopus systems
Our current results provide a first line of biochemical evidence for a role of SMC1-and SMC3-type proteins in sister chromatid cohesion, and are in general agreement Sister chromatid cohesion and cohesins
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with genetic studies performed in yeast (Guacci et al. 1997; Michaelis et al. 1997 ). There are, however, several notable differences between the two systems. For example, two observations in yeast raised the possibility that Scc1p/Mcd1p-mediated cohesion may persist until the metaphase-anaphase transition: Scc1p/Mcd1p is required for maintenance of cohesion in mitotically arrested cells (Guacci et al. 1997) , and it dissociates from chromatin at the metaphase-anaphase transition and is degraded possibly by the anaphase promoting complex (Michaelis et al. 1997) . In contrast, we find that >95% of cohesin subunits dissociate from chromatin at the onset of mitosis in our system. The possibility cannot be excluded, however, that the residual level of cohesins associated with metaphase chromosomes might be functionally significant (see below). To explain this apparent discrepancy between the two systems, we propose a model in which the balance between cohesion and condensation acts as a determinant for chromosome architecture (Fig. 8) . We speculate that, in vertebrate cells, the major chromosomal reorganization (both morphological and biochemical) occurs at the onset of mitosis when most cohesins dissociate from chromosomes and are replaced by condensins (Fig. 8, top) . Dissociation of cohesins reorganizes and loosens the linkage between sister chromatids, thereby relieving steric obstruction that could otherwise block condensin-mediated condensation. Cytological studies support the idea of a reorganization of cohesion at this stage of the cell cycle (e.g., Gimenez-Abian et al. 1995) . The residual level of cohesins bound to metaphase chromosomes might be sufficient to hold sister chromatids together until the metaphase-anaphase transition. Alternatively, cohesion at this stage might be supported by a different mitosisspecific cohesion machinery, the identity of which is currently unknown. In yeast, the structural changes of chromosomes are less prominent at the onset of mitosis, resulting in the formation of less condensed, transcriptionally active chromosomes (Fig. 8, bottom) . This different chromosomal architecture might be imposed by the unique cell cycle of S. cerevisiae in which the onset of mitosis cannot be clearly defined (Lew et al. 1997) . In this organism, the major structural reorganization of chromosomes takes place at the metaphase-anaphase transition when the majority of cohesins (or at least the Scc1p/Mcd1p subunit) dissociate from chromosomes leading, directly or indirectly, to sister chromatid separation (Fig. 8, bottom) .
In yeast, the function of Mcd1p/Scc1p is required for cohesion near the centromeres as well as along the chromosome arms (Guacci et al. 1997; Michaelis et al. 1997) . In higher eukaryotes, several observations indicate that there is a difference in the cohesion mechanisms acting along the chromosome arms and at the centromeric regions. This is especially apparent during meiosis in which cohesion of these chromosomal regions is dissolved at two different stages (Miyazaki and Orr-Weaver 1994) . In our system, defects in centromeric cohesion (as judged by increased distance between sister kinetochores) were less prominent than defects in arm cohesion in the absence of cohesins (A. Losada, unpubl.) . We hypothesize that cohesins are involved primarily in arm cohesion and that additional factors might contribute to centromeric cohesion in vertebrates. Such factors could be enriched in the large blocks of heterochromatin in which centromeres are embedded in vertebrates, but not in S. cerevisiae. Guacci et al. (1997) have proposed that Mcd1p is a mitotic chromosome determinant, functioning as a linker molecule that connects the cohesion and condensation machineries on mitotic chromosomes. We provide three lines of evidence to suggest that this might not be the case in the Xenopus system. First, XRAD21, the Xenopus homolog of yeast Mcd1p/Scc1p, acts as a subunit of the putative cohesion machinery (14S cohesin), but does not associate with the condensation machinery (13S condensin), at least before it is targeted to chromosomes. Second, condensins bind normally to chromatin in the cohesin-depleted extracts. Third, immunodepletion of cohesins has little, if any, effect on the level of chromosome condensation in both the single and double chromatid assembly assays. We conclude that cohesion and condensation are largely separable processes in this cell-free system. The apparently conflicting observations in the two systems could be explained by the differential contribution of the condensation and cohesion machineries to metaphase chromosome organization (Fig. 8) . shown. In vertebrates, the major transition occurs at the onset of mitosis (G 2 to metaphase) when cohesion is largely reorganized and chromatids fully condense (top). In yeast, the structural reorganization of chromosomes takes place primarily at the metaphase-anaphase transition (bottom). Cohesins and condensins are shown by rectangles and circles, respectively. The single cohesion site drawn on the vertebrate metaphase chromosome by no means imply that cohesion is restricted to a centromeric region.
Two SMC-dependent processes in the eukaryotic chromosome cycle
In summary, we propose that proper assembly of mitotic chromosomes is regulated by two different SMC-dependent processes: cohesins (containing the SMC1-and SMC3-type proteins) participate in the establishment and maintenance of interphase sister chromatid cohesion after DNA replication, whereas condensins (containing the SMC2-and SMC4-type proteins) mediate chromosome condensation during mitosis. The two processes are functionally separable in Xenopus. However, given the structural similarities between cohesins and condensins, it is tempting to speculate that cohesion and condensation might have evolved from a common molecular mechanism. It will be interesting to test whether cohesins have biochemical activities similar to those associated with condensins (Kimura and Hirano 1997; Sutani and Yanagida 1997) . It will also be important to determine how the two SMC-dependent processes are regulated precisely during the cell cycle. The current study provides a powerful biochemical system to address these questions in a vertebrate system.
Materials and methods
Cloning of XSMC1, XSMC3, and XRAD21
Poly(A) + RNA was isolated from Xenopus eggs with a QuickPrep mRNA purification kit (Pharmacia Biotech) according to the manufacturer's instructions. cDNA was synthesized from the RNA by use of a first-strand cDNA synthesis kit with the NotI-d(T) 18 bifunctional primer (5Ј-AACTGGAAGAATTCGC-GGCCGCAGGAAT 18 -3Ј; Pharmacia Biotech). The resulting single-stranded cDNA was used as a template for PCRs. For XSMC1, we designed a degenerate primer, OA2, that encodes the amino acid sequence PFFVLDE (amino acids 1152-1158 of Smc1p; Strunnikov et al. 1993 ): 5Ј-GCGGGAT-CCCC(TCAG)TT(TC)TT(TC)GT(TCAG)(TC)T(TCAG)GA(TC) GA-3Ј (BamHI tag sequence is underlined). A PCR containing OA2 amplified a fuzzy band of ∼750 bp even without the addition of a second primer. Sequence analysis of the cloned fragment revealed that the NotI-d(T) 18 primer carried over from the cDNA synthesis reaction functioned as the second primer, producing a band containing a short coding sequence followed by the 3Ј-end untranslated region of the cDNA. The 3Ј-end sequences of cDNAs for XSMC3 and XRAD21 were also amplified in the same way. The nucleotide sequences of the primers used were for XSMC3, 5Ј-GCGGGATCCTT(TC)TA(TC)(TC)T(TCAG) TT(TC)GA(TC)GA(AG)AT-3Ј, which encodes FYLFDEI (amino acids 1150-1156 of Smc3p; Michaelis et al. 1997) ; for XRAD21, 5Ј-GCGGGATCCCA(AG)GC(TCAG)GC(TCAG)GC(TCAG)AA (AG)TT(TC)TA-3Ј, which encodes QAAAKFY (amino acids 592-598 of human Rad21; McKay et al. 1996) . The amplified PCR fragments were used as hybridization probes to screen a Xenopus oocyte cDNA library (Stratagene). To obtain full-length cDNAs, a second-round screening using different probes and nested PCRs were performed. We determined the full-length sequences for XSMC1 and XRAD21, and a 3Ј-end partial sequence for XSMC3.
Preparation of antibodies
Rabbit polyclonal antisera were raised against synthetic peptides corresponding to the carboxy-terminal amino acid sequences of XSMC1 (DLTKYPDANPNPND), XSMC3 (EQAKD-FVEDDTTHG), and XRAD21 (SDIVATPGPRFHTV). Immunization and affinity purification of antibodies were performed as described previously . We also raised antisera against recombinant XSMC1 and XSMC3 polypeptides and obtained results similar to those with the peptide antibodies.
Preparation of Xenopus egg extracts
CSF-arrested and interphase extracts were prepared in XBE2 buffer as described (Murray 1991) with the following modifications: (1) The crushing spin was performed at 10,000g for 15 min rather than 10 min; (2) unfertilized eggs were activated with Ca ++ ionophore rather than an electric shock.
Immunoprecipitation, immunoaffinity purification, and immunodepletion
Immunoprecipitation and immunoaffinity purification were performed as described previously . For immunodepletions, 50 µl of extract were incubated for 1 hr at 4°C with 25 µl of Affi-Prep Protein A Support (Bio-Rad) precoated with 5 µg each of anti-XSMC1 and anti-XSMC3 (cohesin depletion), 5 µg each of anti-XCAP-C, anti-XCAP-E, and anti-XCAP-G (condensin depletion), or 10 µg of control rabbit IgG (control depletion). XORC1 depletion was performed as described .
In vitro assay for chromatin binding
Interphase extracts were incubated with sperm nuclei (1600 nuclei/µl) at 22°C in the presence or absence of 100 µg/ml aphidicolin and 20-µl aliquots were removed at different time points and placed on ice for 10 min. Chromatin fractions were then prepared as described (Kubota et al. 1995) except that XBE2 was used instead of EB. For mitotic activation, a half volume of a CSF-arrested extract or a nondegradable form of sea urchin cyclin B (cyclin B⌬90; Glotzer et al. 1991 ) was added to interphase extracts. H1 kinase activity was assayed as described (Murray 1991) .
Immunofluorescent staining
Xenopus XL177 tissue culture cells were grown on polylysinecoated coverslips, and fixed with either cold methanol (−20°C, 10 min) or 2% paraformaldehyde in PBS (room temperature, 15 min) followed by treatment with 0.2% Triton X-100 in PBS (4°C, 5 min). Samples were first blocked for 30 min with 3% BSA/3% normal goat serum in PBS, and then incubated for 1 hr with primary antibodies diluted to 2 µg/ml in blocking solution. Rhodamine-labeled goat anti-rabbit IgG (Jackson) was used at 1:50 dilution. Samples were counterstained with 1 µg/ml DAPI and mounted in FITC-Guard (Testog). For lamin staining of interphase nuclei assembled in vitro, sperm nuclei (500 nuclei/µl) were incubated in interphase extracts for 90 min at 22°C, fixed for 15 min at room temperature with 10 volumes of 2% paraformaldehyde in XBE2, and sedimented onto coverslips through a cushion of 30% glycerol in XBE2 (Hirano and Mitchison 1993) . Lamin monoclonal antibody L(0)46F7 (Benavente et al. 1985 ) was used at 1:100 dilution followed by rhodaminelabeled anti-mouse IgG (Jackson).
Assay for DNA replication
Demembranated sperm nuclei (500 nuclei/µl) and 5 µCi of [␣-32 P]dCTP were added to 50 µl of XSMC-depleted, control-deSister chromatid cohesion and cohesins pleted, or untreated extract in the presence or absence of 100 µg/ml aphidicolin. The reactions were incubated at 22°C, and 10-µl aliquots were removed at 30-min intervals and mixed with 10 µl of termination buffer [10 mM Tris-Cl (pH 8.0), 10 mM EDTA, 2% SDS, and 20 µg/ml proteinase K]. Samples were incubated at 37°C for 1 hr and analyzed on a 0.7% agarose gel followed by autoradiography. Incorporation of the labeled nucleotide was quantitated with an image analyzer (BAS 2000 Fuji Photofilm) .
Condensation and cohesion assays
For the single-chromatid assembly assay, sperm nuclei (500 nuclei/µl) were incubated at 22°C in CSF-arrested high-speed supernatants (cohesin-depleted or control). After 2 hr, the mixtures were diluted, fixed, and spun onto coverslips. Chromosomes were stained with anti-XCAP-E followed by rhodaminelabeled goat anti-rabbit antibody (Jackson) and counterstained with DAPI. Identical results were obtained when crude extracts (low speed supernatants) were used. For the double-chromatid assembly assay, interphase (cohesin-depleted or control) extracts containing 100 µg/ml cycloheximide and 10 µM biotin-16-dUTP (Boehringer Mannheim) were incubated with sperm nuclei for 2 hr at 22°C. The extracts were driven into mitosis by the addition of a half volume of the corresponding CSF-arrested (cohesin-depleted or control) extracts containing cycloheximide, and incubated for another 90 min. Chromosomes were isolated and stained as described above, except that an additional incubation with 10 µg/ml fluorescein-conjugated avidin D was used to visualize the incorporation of biotin-16-dUTP. The average distance between sister chromatids was measured in chromosomes with paired morphology. Twenty-seven chromosomes assembled in control extracts (total length, 458 µm) and 31 chromosomes assembled in cohesin-depleted extracts (total length, 450 µm) were randomly selected from four independent experiments. Distance between the chromatids was measured at regular intervals of 0.6 µm along the entire length of the chromosomes.
